Biotite -and amphibole -bearing monzogranite, quartz monzonite, and tonalite intrude into the biotite granitoids and biotite -hornblende gneisses of the Pan -African belt in the Nkambe area, northwestern Cameroon. The common mineral assemblage in these rocks is amphibole + biotite + plagioclase + K -feldspar + quartz + zircon + apatite; however, their modal composition varies in each rock -type. Most amphibole grains are relatively homogeneous and locally have slightly Al -rich rims. They are mostly ferro -edenite or ferropargasite, and in a tonalite sample, there is magnesiohornblende with less aluminous and more magnesian composition. The amphibole + biotite + plagioclase + K -feldspar + quartz assemblage was affected by several pressure -sensitive and H 2 O -free reactions. The ferro -edenite -and/or ferropargasite -bearing samples show similar pressure -temperature (P -T) ranges of 0.46 -0.50 GPa/655 -690 °C and 0.43 -0.69 GPa/675 -705 °C. In contrast, the magnesiohornblendebearing tonalite records lower temperature conditions of 0.77 GPa/610 °C, which is attributed to subsolidus reequilibration during cooling. The P -T estimates for the biotite -amphibole granitoids in this and previous studies suggest that relatively high -pressure granitoids are widespread in the Nkambe area.
INTRODUCTION
Estimations of the solidification conditions, especially the depth of granitoid magmas, play a critical role in constraining the emplacement mechanisms of plutons and the tectonic histories of the regions they are found in (Anderson, 1996) . In such a case, amphibole has a considerable potential as an indicator of crystallization conditions, both as a geothermometer and geobarometer (e.g., Anderson et al., 2008) .
In fact, amphibole is a common igneous mineral in hydrous calc -alkaline magmas that crystallized at a considerable depth in the earth, and its aluminum content has been proposed to be a simple and convenient temperature -independent barometer for granitoids assuming that the total Al variation can be ascribed mainly to a tschermak -exchange substitution (Hammarstrom and Zen, 1986) . Subsequently, these authors used Al -in hornblende in equilibrium with biotite, quartz, potassic feldspar, plagioclase, titanite, apatite and magnetite with or without epidote and pyroxene to examine five calc -alkaline plutons of western North America, and divided them into low pressure (0.1 -0.2 GPa) and high -pressure (~ 0.8 GPa) group, corresponding to shallow (3 -6 km) and deeper level intrusions (~24 km), respectively. Subsequently, several temperature -independent pressure calibrations of the Al solubility in amphibole have been reported by many authors (Hollister et al., 1987; Johnson and Rutherford, 1989; Thomas and Ernst, 1990; Schmidt, 1992) .
Nonetheless, Anderson and Smith (1995) have emphasized that the amphibole compositions are also sensitive to other intensive parameters such as temperature and oxygen fugacity, and they have proposed an amphibole barometer that also considers temperature. The aluminum content of amphibole is however controlled by a variety of substitutions, e.g., AlAl (Mg, Fe 2+ ) −1 Si −1 , (Na,K)Al□ −1 Si −1 and NaAlCa −1 (Mg, Fe 2+ ) −1 , where the square indicates the vacant A -site. Therefore, the application of the proposed aluminum barometers is limited to certain mineral assemblages, compositions, and temperature conditions. Emplacement P -T conditions granitoids Nkambe area, Cameroon
To compensate for the effect of temperature, substitution type, and amphibole chemistry on the aluminum barometers and to apply the barometers to igneous rocks with different whole -rock compositions, it is necessary to discuss the relationship between the aluminum content and pressure conditions through pressure -sensitive continuous reactions. Then, several pressure -sensitive and H 2 O -free reactions were proposed to eliminate the effect of water activity on the pressure estimation (e.g., Hollister et al., 1987; Mäder and Berman, 1992; Ague, 1997) . These pressure -sensitive continuous reactions coupled with amphibole -plagioclase thermometer of Holland and Blundy (1994) are applied here for the estimation of P -T of crystallization and the solidification depths to decipher the geotectonic of emplacement of biotite -hornblende granitoids in the Nkambe area.
In fact, various types of granitoids such as tonalite, granite, quartz monzonite and monzogranite occur in the Pan -African orogenic belt in the Nkambe area, western Cameroon. The amphibole + biotite + plagioclase + Kfeldspar + quartz assemblage is common in these granitoids. We examined the amphibole -bearing continuous reactions in monzogranite, quartz monzonite, and tonalite in the Nkambe area as a case study of potential use of amphibole barometer to estimate the solidification depths. The minerals and end -members abbreviations in the text and figures follow those suggested by Kretz (1983) and Whitney and Evans (2010) . Mineral formulae used for the description of the reaction relations follow those used by Holland and Powell (1998) .
GEOLOGIC OUTLINE
The granitoid samples studied were collected from the Nkambe area located between 6°28ʹ-6°53ʹ N and 10°22ʹ-11°00ʹ E in the western part of the Central African Belt in Cameroon. This belt is situated between the West African Craton and the Congo Craton ( Fig. 1) and is a member of the Pan -African belts. The Pan -African belts of Western Africa include the Trans -Saharan and the Benin -Nigerian Belts in addition to the Central African Belt. The Central African Belt is separated from the Benin -Nigerian Belt by the Benue Trough (Fig. 1) . The Pan -African belts are associated with the Pan -African schists and Late -Proterozoic series. The western part of the Pan -African belts (750 -550 Ma, Black and Liegeois, 1993) , which covers parts of the Benin -Nigerian Belt and the Trans -Saharan Belt, consists of accreted island arc complexes and related tonalitetrondjemite -granodiorite associations, reactivated Archean and Lower -Proterozoic lithologies, a thrusted ophiolitic sequence, abundant high -K calc -alkaline granitoids, and Phanerozoic anorogenic alkaline magmatism. Paleozoic and younger units cover all these lithologies. The Central African Belt, to which the Nkambe area belongs, consists of lithologies similar to the Benin -Nigerian Belt and the Trans -Saharan Belt, except for the absence of the ophiolite sequence.
The Central African Belt is composed of 630 -540 Ma granitic plutons and subordinate amounts of schist, migmatitic gneiss and amphibolite (Boullier et al., 1986; Toteu, 1990; Soba et al., 1991; Toteu et al., 1994; Ferré et al., 1998) . Peraluminous and high -K calc -alkaline granitoids (biotite granitoids) are the most widespread rocktypes in the Nkambe area, and they can be subdivided into foliated and massive groups (Fig. 2: Tetsopgang, 2003) . Foliated biotite granitoids are huge batholiths occurring in the western half of the map area and appear to have undergone deformation during emplacement. The massive biotite granitoids occurring as stocks and batholiths are late -to post -tectonic and are distributed in the eastern part of the area. Numerous intrusions of granitoids such as granite, monzogranite, quartz monzonite, and tonalite occur throughout the area and are partly covered by Cenozoic basaltic and andesitic volcanic rocks that are intruded by trachyte -rhyolite in the north of Nkambe. In the southeastern part of the map area, massive biotite granitoids are exposed in windows underneath the volcanic rocks.
The most remarkable pluton is a two -mica granite that is oriented in the SW -NE direction between Misaje and Berabe, cutting through the foliated biotite granitoids and biotite -hornblende granitoids. The two -mica granite also occurs as stocks of various sizes in the foliated biotite granitoids at the western margin of the map area. Magnetite -bearing two -mica granite plutons occur only as stocks in the banded biotite -hornblende gneiss between Ako and Nzibie. Biotite -hornblende (±pyroxene) granitoids of various sizes, which are the focus of this paper, occur in the western part of the map area (Tetsopgang, 2003) . A large batholith of the biotite -hornblende granitoids consisting of monzogranite, quartz monzonite, and tonalite occurs between Berabe and Dumbo in the western part of the map area. Although the amphibole grains in these granitoids can be described as hornblende, edenite, pargasite, etc., they are referred to as hornblende unless otherwise noted.
The chemical Th -U -total Pb isochron method (CHIME: Suzuki and Adachi, 1991) gave zircon and monazite ages of 569 ± 12 to 558 ± 15 Ma and 533 ± 12 to 524 ± 28 Ma for the foliated and massive biotite granitoids, respectively (Tetsopgang et al., 2008) . The ages of the two -mica granite and the magnetite -bearing two -mica granite are 530 Ma ± 9 Ma and 510 ± 25 Ma, respectively (Tetsopgang et al., 1999) , and the age of the hornblendebiotite granitoids is estimated to be about 550 Ma (Tetsopgang et al., 2008) .
PETROGRAPHY
The biotite -hornblende granitoids in the Nkambe area are emplaced within three different plutons: the Dumbo batholith, the Dumbo stock, and the Misaje batholith (Fig.  2) . These granitoids include biotite -hornblende monzogranite, biotite -hornblende quartz monzonite, and biotitehornblende tonalite (Fig. 3) , which are hereafter referred to as monzogranite, quartz monzonite and tonalite, respectively.
The Dumbo batholith is the largest pluton of the hornblende -biotite granitoids in the Nkambe area. This batholith is about 20 km × 10 km in size and occurs in the northwest region of Nkambe, and cuts across the biotite granitoid and biotite -hornblende gneisses. Its southeastern edge is cut across by a two -mica granite stock trending NE -SW. The Dumbo pluton consists of monzogranite, quartz monzonite, and tonalite ( Fig. 3 ). In the Dumbo batholith, the monzogranite and quartz monzonite occur in the western part, where the altitudes are lower, and at higher altitudes in the eastern part, respectively. The tonalite occurs in the northern and southern margins of the Dumbo batholith. It forms the summit of Mt. Kinka with an altitude of 1556 m at the northern edge of the Dumbo batholith (Fig. 2) . The Dumbo stock mainly consists of tonalite, which occurs as a circular intrusion (3 -4 km in diameter) into the foliated biotite granitoid at the west of the Dumbo batholith. The Misaje batholith, which is 12 km long and about 3 -6 km wide, is also mainly tonalitic and intrudes the foliated biotite granitoid. Small orthoferrosilite -bearing quartz monzonite stocks occur in the Misaje batholiths (Tetsopgang and Enami, 2003) . The monzogranite in the Dumbo batholith is pale pinkish and consists of medium -to coarse -grained (up to 3 mm in size) quartz, K -feldspar, plagioclase, biotite, and hornblende grains (Fig. 4a) . Quartz grains are anhedral and show undulatory extinction. K -feldspar crystals are relatively subhedral and commonly contain inclusions of biotite, magnetite, and small and rounded quartz grains. Plagioclase grains are subhedral with decreasing anorthite content toward the margins. Hornblende and biotite make up less than 10% of the entire volume of the rock. Large biotite flakes with magnetite inclusions interlock with other minerals. Hornblende is present as subhedral crystals partially transformed into chlorite and less aluminous amphibole. Accessory minerals are calcite, zircon, apatite, and titanite.
Quartz monzonite in the Dumbo batholith is pink to gray colored and medium to coarse grained. It consists of quartz, K -feldspar, plagioclase, biotite, and hornblende (Fig. 4b) . Quartz crystals are subhedral and exhibit undulatory extinction. They form aggregates (<1 mm across) at the interstices of large quartz crystals or are included in K -feldspar. Large K -feldspar crystals up to 1 cm long and 0.5 cm wide occasionally show microperthitic texture. They commonly contain small inclusions of quartz, plagioclase, biotite, and hornblende. Plagioclase is typically less than 0.5 mm in size and shows concentric zoning. Biotite and hornblende occur as large and anhedral -subhedral flakes and grains (>3 mm long), and their total modal volume is less than 15%. They commonly contain magnetite inclusions. Accessory minerals include calcite, zircon, and apatite.
Tonalite is pinkish to grayish and medium to fine grained with a poikilitic texture (Fig. 4c) , and contains quartz, K -feldspar, plagioclase, biotite, and hornblende as the major phases. Quartz crystals are anhedral to subhedral and typically show undulatory extinction. K -feldspar crystals (up to 4 mm in size) are rarely subhedral and sometimes exhibit microperthitic texture. Subhedral plagioclase crystals are abundant and reach 2.5 mm in length and 1 mm in width, and they are typically poikilitic with inclusions of quartz and mafic minerals. Mafic minerals comprise 15-20% of the tonalite. Hornblende exhibits dark to light green pleochroism with grains less than 1.5 mm in length. Biotite crystals are brown and smaller than hornblende. Accessory minerals are ilmenite, calcite, apatite, allanite, and zircon.
WHOLE-ROCK CHEMISTRY
Whole -rock compositions of the studied rock types were analyzed with a SHIMADZU SXF1200 and XRF1800 sequential X -ray fluorescence spectrometers at Nagoya University. Analyses were conducted only for samples with apparent minimal alteration. Individual samples of about 500 g were crushed in a stamp mill, and ground into fine powder in an agate mortar. After drying in an oven at 110 °C for 24 h, they were mixed with lithium borate (0.7 g sample and 6 g flux) and fused in an electric furnace.
The method follows the procedures described by Morishita and Suzuki (1993) and Yamamoto and Morishita (1997) . The detection limits were 10 ppm for Ba and 1 ppm for the other trace elements at the 2σ confidence level. Whole -rock compositions of the granitoids are listed in Peccerillo and Taylor (1976) and Rickwood (1989) .
as well as high K 2 O/Na 2 O values (1.1 -1.8). These characteristics are similar to those of the biotite granitoid and two -mica granitoid (K 2 O = 4.4 -6.8 wt% and K 2 O/Na 2 O = 1.0 -2.4: Tetsopgang et al., 2006 Tetsopgang et al., , 2008 and suggest that these lithologies belong to the high K calc -alkaline series and/or shoshonitic series (Peccerillo and Taylor, 1976) (Fig. 5h) . In contrast, the tonalite and quartz monzonite compositions differ, suggesting that these rocks probably have different magma sources.
MINERAL CHEMISTRY
Chemical analyses of the major constituent minerals were carried out using an electron probe microanalyzer (EPMA) with WDS and EDS systems (JXA -8800 R) at Nagoya University. The accelerating voltage and beam current were kept at 15 kV and 12 nA on the Faraday cup, respectively. A beam diameter of 5 μm was used for the analyses of biotite and feldspar, and for all other phases, it was 2 -3 μm. The ZAF method was employed for matrix Tables 2 and 3 . For descriptive purposes, the amphibole compositions are shown using the average of the maximum and minimum Fe 3+ /Fe 2+ estimates suggested by Leake et al. (1997) . In biotite, all iron is assumed ferrous.
Amphibole
Amphibole grains in most monzogranites and monzonites are relatively homogeneous, and they have ferro -edenite/ ferropargasite compositions (hereafter referred to as edenite/pargasite). Some grains are partially transformed into Al -and K -rich pargasite along cleavages and/or around the crystal margins (Figs. 6 and 7a -7d ). Amphibole in a monzonite sample (Db5) is rimmed by Al -poor ferrohornblende/ferro -actinolite (hereafter referred as hornblende/ actinolite). In the monzogranite sample, the homogeneous cores of the amphibole grains have the following average Leake et al. (1997 )] = 0.14 -0.15; in the monzonite samples, the values are Si = 6.36 -6.64, Al = 1.68 -2.08, Ca = 1.80 -1.86, [A] (K + Na) = 0.57 -0.69, and mg# = 0.14 -0.25. [A] (Na + K), indicates the alkali content in the 10 -coordinated A -site. The amphibole grains in the studied tonalite samples show slightly different compositional characteristics. In sample P3, the amphibole is retrogressively recrystallized, and ranges from hornblende to actinolite. In this sample, the average composition of the Al -rich amphibole core is Si = 7.25 pfu, Al = 1.03 pfu, Ca = 1.85 pfu, [A] (K + Na) = 0.29 pfu, and mg# = 0.65, and it is richer in Si and mg# and poorer in Al and [A] (K + Na) than the amphibole grains in the monzogranite and monzonite (Figs. 7e and 7f) . In sample M1, the amphibole has a higher mg# (0.39) than the monzogranite and monzonite samples, but similar Si (6.47 pfu), Al (1.92 pfu), Ca (1.88 pfu) contents, and [A] (Na + K) values (0.58 pfu).
Biotite
Biotite grains are relatively homogeneous, and those in monzogranite (Si = 2.81 -2.82 pfu and mg# = 0.16 -0.18) and quartz monzonite (Si = 2.78 -2.81 pfu and mg# = 0.14 -0.25) have similar compositional ranges (Figs. 8a  and 8b ). The biotite grains in tonalite have higher Si (2.82 -2.87 pfu) and mg# (0.44 -0.57) than those in the monzogranite and quartz monzonite (Fig. 8c) . Their TiO 2 contents are 2.2 -3.9 wt%, 1.9 -4.9 wt%, and 1.7 -2.3 wt% in the monzogranite, quartz monzonite, and tonalite samples, respectively. The BaO content of biotite in monzogranite (up to 0.19 wt%) is lower than that in quartz monzonite (up to 0.68 wt%) and tonalite (up to 0.36 wt%).
Feldspars
Plagioclase grains are saussuritized to various degrees, and those that survive saussuritization show normal zoning with decreasing anorthite content from the core toward the margin. The outermost rim of plagioclase, which is in contact with the Al -rich rim of the amphibole, locally has low anorthite content down to albite (Fig. 6b) . The average anorthite content of the unsaussuritized calcic core is An 14(2)−15(2) in monzogranite and An 17(4)−24(3) in quartz monzonite, where the number in parentheses is the 1σ level standard deviation. In contrast, the plagioclase grains in tonalite [An 25(2)−30(1) ] are more calcic than those in the monzogranite and quartz monzonite. K -feldspar grains locally show microperthitic texture with an orthoclase -rich host (Or 92−97 ) and albite -rich lamellae (Or 10−31 ). The lamella -free K -feldspar grains are generally homoge- neous and have Or contents of 92 -93%, 87 -93%, and 92 -93%. The 1σ standard deviation is less than 1.
PRESSURE-TEMPERATURE ESTIMATIONS AND DISCUSSION
The crystallization temperature conditions of the biotitehornblende granitoids were determined using the amphibole -plagioclase thermometer of Holland and Blundy (1994) 
Conventional Al -in -amphibole barometers (Hammarstrom and Zen, 1986; Hollister et al., 1987; Johnson and Rutherford, 1989; Thomas and Ernst, 1990; Schmidt, 1992) supplemented the pressure estimations.
The effect of Fe 3+ on the P -T estimations of the continuous R1 and R2 reactions was calculated using the THERMOCALC program (ver. 3.33) with the updated HP98 dataset (Holland and Powell, 1998) . The activity models for minerals used in the P -T estimations were obtained using the program AX (ver. 0. Leake et al. (1997) and the recalculation value proposed by Holland and Blundy (1994: Fe 3+ HB 2+ estimation in amphibole depend on the Na content of the M4 site. Thus, the range of temperatures obtained by using the HB2 geothermometer are largely attributed to the variations in the calculated richterite component that strongly depends on the Holland and Blundy (1994) ; H87, Hollister et al. (1987) ; AS95, Anderson and Smith (1995); S92, Schmidt (1992) ; TE90, Thomas and Ernst (1900); JR89; Johnson and Rutherford (1989) ; HZ86, Hammarstrom and Zen (1986) . method used for estimating the Fe 3+ /Fe 2+ value. The pressures estimated with reactions R1 and R2 are 0.4 GPa and 0.03 GPa, respectively. The conventional Al -in -hornblende barometers (Hammarstrom and Zen, 1986; Hollister et al., 1987; Johnson and Rutherford, 1989; Thomas and Ernst, 1990; Schmidt, 1992) are little affected by the Fe 3+ variation, and they show an average pressure of 0.57 ± 0.06 GPa. This value is consistent with the average pressure estimated with reactions R1 and R2 (0.45-0.67 GPa). The amphibole structural formulae were generally computed following the criteria proposed by Holland and Blundy (1994) and in many other papers that discuss amphibole geobarometers (e.g., Ague, 1997; Tulloch and Challis, 2000) . However, in the case of the Nkambe samples, Fe (Table 4) . Thus, if we employ the criteria of Holland and Blundy (1994) , the calculated amphibole formula contains near minimum MgFe -amphibole and maximum Na -amphibole components, which is not consistent with the fact that igneous Ca -amphibole grains generally show solid solution toward the MgFeamphibole end -member and contain only a small amount of the Na -amphibole component (Deer et al., 1997) . Consequently, the Fe 3+ ave value is used instead of the Fe 3+ HB value for the amphibole formulation in this study.
P-T estimations
The Al -in -hornblende barometers and pressure -sensitive continuous reactions give similar pressure conditions for the M1 sample dataset. However, the amphiboles in the examined samples, other than samples M1 and P3, have distinctly Mg -poorer compositions (mg# < 0.3) than the samples that were employed to calibrate the conventional Al -in -hornblende barometers (e.g., mg# = 0.33 -0.82: Johnson and Rutherford, 1989) . Therefore, the proposed mg# criteria are not fulfilled in most samples. As a result, P -T conditions discussed here are derived by using the combinations of continuous reactions of HB1, HB2, R1, and R2. Table 5 and Figure 9 summarize the P -T estimates for the Nkambe samples. The monzogranite and quartz monzonite samples show limited and similar P/T ranges of 0.46 -0.50 GPa/655 -690 °C and 0.43 -0.69 GPa/ 675 -705 °C, respectively. In contrast, the tonalite samples have scattered P/T conditions of 0.54 GPa/680 °C (M1) and 0.77 GPa/610 °C (P3). The estimated P/T conditions of these samples, other than P3, roughly correspond to the solidus of H 2 O -saturated granitoids (Fig. 9) and probably imply that their emplacement depths were 10 -20 km. The amphibole grains in sample P3 show retrogressive zoning and have less aluminum than those in other samples (Fig.  7) . Thus, the lower temperature estimate in sample P3 is probably due to subsolidus reequilibration during the cooling of the Dumbo stock.
The emplacement depths of other granitoids in the Nkambe area were discussed by Tetsopgang and Enami (2003) and Tetsopgang et al. (2006) . An orthoferrosilite (mg# = 0.2) -bearing biotite -hornblende quartz monzonite was reported from the Nkambe area, and its solidification conditions were estimated at 0.6 -0.7 GPa/720 -760 °C by the same methods (Tetsopgang and Enami, 2003) . Tetsopgang et al. (2006) estimated the equilibrium conditions of the two -mica granite at 0.6 -0.8 GPa/630 -700 °C using the phengite geobarometer of Massone and Schreyer (1987) . The P/T estimates of the biotite -hornblende granitoids in this study and previous studies suggest that relatively high -pressure granitoids are widespread in the Nkambe area. The host lithologies of the studied granitoids are gneissic rocks of the Pan -African belt. To date, the equilibrium conditions of the Pan -African gneisses in the Nkambe area have not been studied. However, kyanite -bearing metamorphic rocks are often reported in the Pan -African belt (e.g., Nzenti et al., 1988; Barbey et al., 1990; Mvondo et al., 2003 Mvondo et al., , 2007 , suggesting a minimum equilibrium pressure of 0.77 GPa at 700 °C (Pattison, 1992) . Additionally, Barbey et al. (1990) reported highpressure dehydration melting of metapelites around 1.0 -1.2 GPa/800 °C from the Yaoundé region in Cameroon. Nzenti et al. (1988) and Mvondo et al. (2003) estimated similar equilibrium conditions at 1.0 -1.2 GPa/750 -800 °C and 0.9 -1.2 GPa/675 -800 °C, respectively, for the PanAfrican metamorphic rocks in the same region. Therefore it appears that the relatively high -pressure and temperature conditions of metamorphism of the host lithologies support the estimated emplacement depth of the biotitehornblende granitoids. These relatively high -pressure conditions took place most likely during the collisional and post -collisional tectonic setting (Tetsopgang et al., 2008) with a probable crust thickening in addition to the vertical uplift that favored the genesis of granitoids in this region.
